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HISTORICAL INTRODUCTION. 

The question for the solution of which the Boyden Premium is 
offered is one that must be well understood if it is to be well 
answered. The vagueness of language in the original statement 
of the question ("all rays of light and other physical rays") is in 
large measure due to the incomplete and vague knowledge of the 
spectrum which existed fifty years ago. It may help to under- 
stand what might have suggested such a problem if we briefly re- 
view the history of the subject of radiation during the first half of 
the nineteenth century. 
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In the year 18oo, our knowledge of the spectrum was sub- 
stantially where Newton left it more than a hundred years before ; 
but it was not to be long before two important discoveries were to 
be made which would greatly enlarge the field of study. In 18oo 
Herschel discovered the existence of invisible heat-rays beyond 
the red, and this discovery was quickly followed by the discovery 
of the ultra-violet rays by Ritter in 18Ol. A controversy over 
the nature of these invisible rays at once began, and continued for 
upwards of two generations. One school of philosophers held 
that there were three distinct types of rays present in light, 
namely, the heating, the visual, and the actinic rays. These rays 
were believed to overla p each other somewhat in refrangibility, 
accounting for the heating effect in the red and orange and for the 
chemical effect of the blue and violet. The other school put 
forth an explanation in terms of the undulatory theory, which was 
then having its early struggle for recognition. This explanation 
supposed all kinds of rays to be of the same nature, i. e., undula- 
tions in an ~ether, but to differ somehow in quality or intensity 
which rendered some of them invisible. Blot was probably" the 
earliest champion of this theory,* and defended it ably as early as 
1814 . Probably because the undulatory theory on which it was 
based was not yet generally accepted, this theory seems to have 
made but little headway for a time. 

The progress of the undulatory theory of light may be said to 
have been quite encouraging by 1833, in which year Brewster, 
one of the last adherents of the corpuscular theory, wrote these 
words :t 

"On these grounds I have not ventured to kneel at the new 
shrine, and I must even acknowledge myself subject to that 
national weakness which urges me to venerate and even to sup- 
port the falling temple in which Newton once worshipped." 

With the gradual recognition of the undulatory theory there 
seems to have been an increase in the support of what may be 
called the unitarian theory of the spectrum, and we find Amp&re 
defending and expounding it in 1832. ~ It should be noticed that 
Amp&re does not seem to have grasped the idea that the invisible 

*Gilbert's Annalen, 46, p. 376, (1814); Rosenberger, in his Geschichte der 
Physik, vol. iii, p. 317, credits him with these views in 1825. 

tPhil.  Mag. (3) if, p. 360, (1833). 
:~Biblioth~que Univ., vol. 48, p. 225; also Pogg. Ann., vol. 26, p. 161, I832. 
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waves differ in [requency from their visible brethren. He ex- 
plained the invisibility of heat waves entirely as a question of 
relative intensity or abundance, and observing that water readily 
stopped the heat waves, concluded that it was to their absorption 
by the fluids of the eye that they owed their invisibility. 

Melloni, who was easily the greatest authority on radiant heat 
at that time, combated this theory for some years, but finally 
capitulated , in I842.~ Yet as late as I846:~ it was said "the 
identity is not yet firmly enough established." 

The method which was pursued in establishing the identity of 
the different types of rays in the spectrum was that pointed out 
by Blot, in 1814. He says, in the article in Gilbert's Annalen 
already quoted : 

"Ob der Waermestoff und das Licht blosse Modificationen eines 
und desselbenPrincips, oder zwei wesentlich verschiedenePrincipe 
sind, darfiber ist seit langer Zeit unter den Physikern und den 
Chemikern gestritten worden. Man hat zu Gunsten der einen 
wie der andern dieser Hypothesen, Systeme aufgebaut; der 
einzige \¥eg  indess, auf dem sich die Sache entscheiden laesst, ist, 
die Eigenschaffen, welche dem Waermestoff, und die, welche dem 
Lichte wesentlich eigen sind, durch genaue Versuche mit 
Zuverlaessigkeit auszumitteln, ihre Aehnlichkeiten und die Ver- 
schiedenheiten beider auseinander zu setzen, und nachzuforschen, 
ob ein und dasselbe in seiner Natur unveraenderliche Princip, 
das auf unsere Organe und auf die K6rper nach Verschiedenheit 
der Umstaende Verschieden wirkt, die mannigfaltigen 
Wirkungen, welche wir wahrnehmen, in ihnen hervorzubringen 
vermag." 

It i s ra ther  remarkable that the difference of opinion as to the 
nature of the various rays of the spectrum seems to have found its 
main expression in the question as to the identity of light and 
radiant heat, comparatively little discussion arising over the asso- 
ciated question of the nature of the ultra violet rays. Mtich 
work was done in reference to the properties of radiant heatalong 
the lines indicated by Blot, as may be seen from the following 
summary : 

Double Refraction and Polarization by Reflection; Berard, 
1812. (M6m. de phys. et de chim. de la Soci6t6 d'Arceuil, tom iii, 

tComptes Rendus, r5, p. 454; Pogg. Ann., 57, P. 300. 
~Fortschritte der Ihysik, II, p. I66. 



86 Heft: [J. F. I., 

pp. 24-29, 46, 1812. Also Gilbert's Annalen, 46, p. 376, 1814.) 
Reflection and Rectilinear Propagation had been previously 

shown by Mariotte. (See Biot's article in Gilb. Ann., loc. cit.) 
Polarization by Transmission; Forbes, 1835. (Edin. Trans. 

13, p. 131 ; Pogg. Ann. 35, P. 553.) 
Diffraction; Knoblauch, 1846. (Pogg. Ann., 74, P- 9. Com- 

municated to Berlin Phys. Gesellschaft on Aug. 7, antedating 
Fizeau and Foucault.) 

Magnetic rotation; Desains and De la Provostaye, 1849. 
(Comptes Rendus, 29, p. 352.) These authors refer to the pre- 
vious work of Wartman, 1846 , who obtained some uncertain re- 
sults, not confirmed by others. 

Speed of Propagation; Baron F. yon Wrede, 184o. (Pogg. 
Ann. 53, P- 602, 1841. Phil. Mag., 20, p. 379, 1842.) This ar- 
ticle being in line with the subject of the present memoir merits 
some extended notice, the more so as its results are at variance 
with the general belief at the present day. The principle was 
that if light and radiant heat travel at different speeds they ought 
to show different aberrations. In consequence, the light and 
heat images of the sun in a telescope will not exactly coincide, but 
will be slightly displaced in the direction of the plane of the 
ecliptic ; hence the heat from the eastern and western edges of the 
sun will not be equal. 

To investigate this question a linear thermopile was so mounted 
in the focal plane of a ten-foot telescope that its edge could be 
moved across the field of vision by a micrometer screw. The 
usual eye-piece was in position behind the thermopile so that the 
edge of the latter could be brought by visual observation tangent 
to the sun's edge. With the sun's image central in the field, and 
using a low power, so that the whole disc was visible, the thermo- 
pile was brought tangent to the western edge, the adjustment 
maintained as steadily as possible for five minutes by the driving 
mechanism of the telescope, and readings of the galvanometer 
were taken continually. The tube containing the thermopile and 
the eye piece was then turned through 18o °, so that the thermopile 
now became tangent to the eastern edge, and the readings of the 
galvanometer were repeated. A single pair of readings like this 
should, if all adjustments were perfect, indicate qualitativeiy any 
considerable shift of the light and heat images. To make the ex- 
periment quantitative the pile was moved toward the sun's eent~_r 
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by one turn of the micrometer screw, and the pair of readings was 
repeated. A series of measurements was made, moving the  pile 
between each pair of readings. In this way it could be ascer- 
tained how much more the screw had to be turned on one side 
than on the other to give the same heat. Half  of this displace- 
ment of the pile would be the shift of the two images. 

Wrede seems to have made but two such complete series of 
measurements, only one of which was carried out under perfect 
conditions. During the other there were slight clouds passing 
now and then, and a strong wind shook the instrument. In both 
series, however, he believed that he found the east edge of the 
sun to be hotter than the west edge, which would indicate a 
greater aberration and a lower speed for the heat rays. The 
telescope was rotated on its axis between two series to elim- 
inate any unsymmetrical absorption by the object glass. The 
mean result gave as the shift of the images 0.28 pitch of the screw, 
which was a-lv of a Swedish decimal inch. The focal length of 
the telescope being IoI. 5 Swedish decimal inches, the difference 
between the two aberrations was apparently 

( 0.28 ) 
tan-' kii9 _~ I°I.5 = 4.7 8'' 

The aberration of visible light being a little over 20", this result 
gave a speed for the heat rays of about four,fifths that of visible 
radiation. 

This remarkable result attracted no little attention at the time 
of its publication. Appearing originally in a little-known Danish 
journal it was copied into Poggendorff's Annalen and the Philo- 
sophical Magazine. There is in the possession of the Franklin 
Institute a letter of Mr. Boyden's, showing that he was acquainted 
with Wrede's work and also throwing some light upon his con- 
struction of the prize question. Mr. Boyden had no confidence in 
Wrede's result, and calls his work "erroneous ;" but he says that it 
was not his intention to limit the award of the premium to such 
questions as that attacked by Wrede, but to inc.lude any and  all 
other physical rays. He says in another place that he has no evi- 
dence either for or against the existence of different rays of the 
same refrangibility. 

Wrede's work is  now forgotten, but scientific opinion to-day 
will share Mr. Boyden's scepticism as to its value. The fact that 
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it has been forgotten in spite of the publicity given it at the t ime 
would seem to indicate that Mr. Boyden but voiced the contem- 
porary opinion of its value. The principal reasons for this dis- 
trust may be mentioned. 

The constant of aberration of light is such a small quantity 
that any experiments on differences of this value must be capable 
of coarse results only. It is generally believed that any difference 
of speed such as the prize question suggests and Wrede  sought 
would be of an order too small to be capable of detection by 
Wrede's method. The grounds for this belief will be later re- 
ferred to. 

Wrede's  method is based upon the assumption that the surface 
of the sun is uniformly heated, which the phenomenon of sun 
spots might render us rather cautious about accepting. 

The scanty observations offered by Wrede are not enough to 
ensure the elimination of the various errors incident to such a 
measurement. A slight error in centering the sun's disk, or a 
small change in the rate of the driving clock, or a lack of accuracy 
in the adjustment of the thermopile tangent to the edge of the sun 
wc, uld have given a false result. In particular it is to be re- 
marked that the tangent position of the thermopile is one of the 
greatest delicacy; for in no other position on the sun's disk would 
there be so great a change in the heat received by the pile for a 
small displacement of the latter. 

Apart from the work of Wrede no investigation of the speed of 
travel of the invisible rays of the spectrum appears ever to have 
been made up t o t h e  time of the establishment of the Boyden 
Premium, or indeed, up to the present time. While in many 
other properties the invisible rays were shown to behave in 
the same manner as their visible brethren, and sufficient evidence 
was finally amassed to satisfy the scientific world as t o  their 
identity, yet the similarity of their speeds, which naturally fol- 
lows, has never yet been experimentally proven. This last piece 
of confirmatory evidence was lacking. True, it was not urgently 
needed ; but may this not have been the germ of suggestion in Mr. 
B0yden's mind which later developed into the idea of establishing 
the Premium? 

Let us now see what work has been done bearing on this subject 
since Mr. Boyden's day. 

It is generally understood at present that all visible radiation 
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travels with the same speed in vacuo. This seems to have been 
tacitly assumed before Mr. Boyden established the Premium, 
probably as a mathematical consequence of the undulatory theory 
of light. Since that time this doctrine has not passed unchallenged 
by experiment, but has survived all adverse criticism, and is now 
quite firmly grounded. 

In I882, Young and Forbes* announced that in making some 
experiments on the speed of light by a modification of Fizeau's 
method they had observed that the luminous image was of a red- 
dish cast while increasing in brightness and bluish while decreas- 
ing. This,they showed, could be accounted for by a difference in the 
speed of travel; and from their observations they deduced a differ- 
ence of nearly two per cent. between red and blue light, the latter 
apparently traveling the faster. Shortly after this Michelson'~ re- 
peated his measurement of the speed of light by Foucault's 
method, and paid particular attention to the question raised by 
Young and Forbes.' He covered one-half of his luminous slit by 
a piece of red glass, leaving the other half uncovered, and could 
not detect the slightest break in the continuity of the reflected 
image; whereas a difference of speed of the magnitude announced 
by Young and Forbes would have drawn out the image of the slit 
to a spectrum ten millimeters wide. It seems altogether likely 
that the effect noticed by Young and Forbes was physiological and 
subjective. They may have unwittingly discovered what is now 
known as the Purkinje phenomenon, or at any rate something of 
the same nature. 

All these experiments referred, of course, to the speed in air; 
but the refractive index from air to a vacuum is so nearly unity 
for all colors of light that no doubt exists as to the truth of the 
proposition in vacuo. 

But astronomy furnishes us additional evidence for the case of 
light in vacuo. At the times of the eclipses of the satellites of 
Jupiter no change of color can be observed as the satellite disap- 
pears and reappears. Here the portion of the path of the light 
that lies through air is utterly insignificant compared with the 
length of the path in vacuo; and the distance of Jupiter is such 

"*Phil. Trans. part I, I882. 
tAstronomical Papers for the American Ephemeries 

Almanac, Vol 2. 
and Nautical 
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that a difference of speed of two per cent. between red and blue 
light would, as pointed out by Young and Forbes, amount to a 
lag of about half a minute between these two colors. 

Still more conclusive is the evidence furnished by slaort period 
variable stars, none of which show any appreciable change of 
color in their waxing and waning, although undoubtedly at 
enormous distances. We  may therefore conclude that the uni- 
form speed of visible radiation in vacuo is a settled question. 

This fact of the uniformity of speed of the waves making up the 
octave of the visible spectrum is an important one when we con- 
sider the question of a possible difference of speed in the invisible 
portions. All analogy with other forms of wave motion leads us 
to the conclusion that if the speed be constant for any considerable 
range of wave lengths it will also be constant, or nearly so, for 
wave lengths outside that range. In the case o£ gravitational 
waves in deep water, where the speed is a function of the wave 
length, there is no range of wave lengths, however limited, where 
the speed is constant; and in the case of sound waves in air the 
speed is constant over the nine or ten octaves that constitute the 
range of audibility if  it is constant over a single one. For  this 
reason we are inclined to expect the speed of the invisible rays to 
be nearly the same as that of the visible f-ays, and to distrust such 
a result as that announced by Wrede until it has been independ- 
ently confirmed. 

In view of the foregoing considerations it may be deemed a 
useless expenditure of time to *apply to the investigation of the 
prize question any method except one of the most delicate de- 
scription. The method about to be described by the .writer may 
be trusted to show a difference of one part in two or three hun- 
dred thousand in the speed. Being photographic in its nature it 
has been found practicable to apply it only to the ultra violet and 
visible region of the spectrum; but as the results confirm the 
hitherto existing belief in the constant speed of travel so far as 
ultra-violet region is concerned, it becomes in the highest degree 
improbable that the ultra red region should exhibi~ any marked 
deviation from this speed. 

P R I N C I P L E  AND DETAILS OF T H E  METHOD. 

Let there be a source of white light at a great distance from the 
observer, and suppose this source to suffer a periodic variation in 
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intensity. Let the light which reaches the observer be dispersed 
into a spectrum by a prism or a grating. If all the different 

• 'c°mp°nents of the white light travel with the same speed every 
part  of the spectrum will have its maximum or minimum of in- 
tensity at the same moment;  but if the speed is a function of the 
wave length this will not be the case. 

All this, of course, is equivalent to saying that the light from 
the distant source will suffer a periodic change of color with its 
change of intensity; but in the above form the principle is appli- 
cable also to the invisible regions of the spectrum. 

We are speaking in terms of Newton's hypothesis that the dif- 
ferent periodicities of the spectrum may be considered as physi- 
cally present in white.light because physically present in the source. 
The more recent theory is that white light is due to irregular 
pulses in the source; that the different colors are to be considered 
as only mathematically present in the white light, and as physi- 
cally manufactured by the prism or grating. This theory does 
not in the least affect the validity of the reasoning upon which 
this method is founded any more than it upsets the conclusions of 
celestial spectrum analysis. To restate the matter in terms of the 
pulse theory we should say that if the speed is constant for all 
wave lengths the pulse will travel without change of form, and if 
analyzed by the observer wiU present a simultaneous variation in 
intensity in all its components; while if the speed is a function of 
the wave length the pulse will alter its form as it travels, and 
when it reaches the observer it may have a differently propor- 
tioned set of components from those with which it started. As 
we are not concerned with the question of what periodicities are 
physically present in the source we shall use the Newtonian 
method of expression on account of its greater simplicity. 

The only source of light at a practicable distance for such an 
experiment is a star; and such a source has the added advantage 
of enabling us to deal with the speed of light in vacuo, as the time 
taken by light to traverse the earth's atmosphere is so minute that 
no appreciable time lag between the different components could be 
introduced by the air. 

We have in the star Algol ( ~ Persei) an almost ideal source of 
light for such an experiment. This star shines ordinarily with a 
uniform lustre of about the second magnitude, but once in about 
three days (more exactly 2 days, 20 hours, 48.9 minutes) it suf- 
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fers a rapid diminution in brightness and an equally rapid re- 
covery, occupying some seven hours in all, and involving a 
change in brightness of over one magnitude. This change has 
long been suspected to be due to a dark body revolving round 
Algol and eclipsing it periodically, and Vogel's measurements of 
the motion of Algol in the line of sight have recently put this hy- 
pothesis upon a pretty sure footing. He  found that 17 hours 
(one-quarter of the star's period) before the minimum the star 
was moving away from us with a maximum speed; and I7 hours 
after the minimum the star was approaching us with a maximum 
and equal speed. This is exactly what should occur if the star 
were revolving around the common center of gravity of itself and 
a dark companion. Here, then, we have a source of light in 
which we can be sure that all the components have their minimum 
impressed upon them at the same instant. 

And this source is at an enormous distance. Two attempts at 
measuring its parallax (by Chandler and Chase, respectively) 
gave the figures o.o7" and o. o4", the only conclusion from which 
is that the parallax is certainly less than o.I'" and the distance 
therefore not less than about thirty light years. 

This great distance enables us to make a very delicate com- 
parison of the speeds of the different wave lengths; for suppose 
two waves travelled with speeds which differed by only one part 
in a million; then the minimum impressed upon the more rapidly 
travelling train of waves would reach us one millionth of thirty 
years, i. e., about sixteen minutes before the other. 

To carry out this method one must make determinations of the 
intensity of the different portions of  the spectrum of the star, 
both visible.and invisible, at intervals during its waning and wax- 
ing. Should all parts of the spectrum be found to have their 
minimum at the same moment, or, what amounts to the same 
thing, should the instant of minimum for every region of the 
spectrum be the same as the time of the visual minimum as given 
by the ephemeris, then the speed of travel is independent of the 
wave length. 

In the experiments here described the comparisons of the inten- 
sities were made photographically. _A suitable sensitive plate was 
exposed to the spectrum of the star, and a number of successive 
and equally timed exposures were made on the one plate, extend- 
ing over a period of four or five hours, and so ar ranged that the 
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instant of visual minimum, as given by the ephemeries, should be 
midway in the central exposure of the series. If, when the plate 
was developed, every portion of the spectrum exhibited its mini- 
mum of intensity on the same photographic image, the speed is 
the same for all wave lengths. Should this image be not the 
central one of the series, it would mean that the ephemeris was in 
error. The effect produced by a difference of speed of travel 
would be to cause the minima of intensity for different regions of 
the spectrum to appear on different images. 

In practice it was found impossible, except for a portion of the 
visible spectrum, to get any great range of the spectrum in focus 
at one time, and many plates were necessary. Ordinary commer- 
cial instantaneous plates (Seed) were used in photographing the 
spectral images ; and as the question was simply one of the relative 
intensities of the different portions of the spectrum, and the 
spectral lines were of no importance, the operation wag a compara- 
tively simple one. 

The photographs were taken with an eight-inch equatorial tele- 
scope and an ordinary photographic camera. The lens was re- 
moved from the camera and replaced by a transparent diffraction- 
grating (a Wallace replica) so mounted that it could be turned 
through any desired angle while always remaining parallel to the 
sensitive plate. In this way a series of radially arranged images 
could be taken on the same plate. The camera with the grating 
was attached by a light and rigid mounting to the eye-piece tube 
of the telescope. The optical parts are shown in schematic ar- 
rangement in Fig. z below. 

EE  1 represents the optic axis of the telescope ; the image of the 
star is formed by the object glass at some point A on this line. 
This point is in one of the conjugate foci of the eye-piece, BB 1, of 
the telescope; the other conjugate focus is at E 1, on the sensitive 
plate D. At C the grating is interposed, which produces two first 
order streak spectra at F and G. The focusing is done by alter- 
ing the distance AB by moving the eye-piece tube in and out, car- 
rying with it the camera and grating. 

Plate I* shows the appearance of the spectra thus photographed. 

':The photographic effects obtained in the negatives of the accompany- 
ing plates have ~been more or less emphasized in the positives for the pur- 
pose of typographic reproduction. EDITOR. 
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The plate is merely an experimental one and is of no other import- 
ance. Two exposures were made, turning the grating through 
9 °o between the exposures. It will be noticed that the spectral 
images are not strictly streaks, but widen out fan-wise at the inner 
or violet end. The reason is simply that this portion is out of 
focus, The focus was adjusted for the visual rays, and the best 
that modern optical science can do is to achromatise a lens for the 
region from the red to the blue. From this point out into t h e  
ultra violet the focus changes rapidly for a small change in wave 
length. The diagram shown in Fig. II is taken from Mfiller- 
Pouillet's Lehrbuch der Physik, and shows the usual relation be- 
tween wave length and focal length for the best modern achro- 
matic combinations. 

It is this lack of achromatism in the object glass of the tele- 
scope that causes the fan appearance. The object glass brings to 
the point A (Fig. 1) only the rays from the red to the blue. The 
violet and ultra ~violet images are to be found at various distances 
from A along the line EE  1. Consequently the eye-piece cannot 
bring them to a focus at one point. And so rapidly does the 
focus for these short rays change with the wave length that it 
is impossible to get more than a limited range in focus at once. 

Plates 2 and 3 were taken with the eye-piece in different posi- 
tions to ascertain where the eye-piece should be set in order to 
bring any particular wave length into focus. The eye-piece tube 
had engraved upon it a scale of centimeters and tenths, by means 
of which it was easy to record and reproduce the position of tl!e 
eye-piece. ~ The numbers scratched opposite the images on the 
plates refer to this scale. 

The determination of the wave length was thus effected: The 
ruled surface of the grating was always 15 cm. from the sensitive 
plate, and carried 5684 lines to the centimeter. To determine the 
wave length of any point it is necessary merely to measure its dis- 
tance from the undeviated central image of the star, or, what is 
preferable, half the distance between corresponding points on op- 
posite spectra, and a simple trigonometrical calculation furnishes 
the wave length. 

In measuring these distances the plate 4 is useful. It is merely 
an engraved scale of millimeters. T h e  following table then gives 
the wave lengths: 
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D i s t a n c e .  W a v e  l eng t h .  D i s t a n c e .  W a v e  l eng th .  
( f r om cen te r . )  

cm.  /L#. cm. /~p~. 
2.O 232 2 .8  324 
2. I 244 2 .9  334 
2 .2  255 3 .0 3~5 
2 .3  267 3. I 356 
2 .4  278 3 .2  367 
2.5  289 3.3  378 
2 .6  301 3 .4  389 
2 .7  312 3.5  4 °o  
3 .6  411 4.1  463 
3 .7  422 4 .2  474 
3- 8 432 4 .3  484 
3-9 443 4 .4  494 
4.O 453 4 .5  505 

99 

DISCUSSION OF T H E  PLATES.  

The plates taken during the minimum of Algol may be divided 
into two series, those taken in 19o 5 and those taken in 19o6. The 
series of 19o 5 includes numbers 5 to IO, and the series of 19o6 
the subsequent numbers. Most of the plates were developed by 
ferrous oxalate, to obtain the clear glass effect where there was 
no photographic image; but some of the plates were developed by 
hydrochinon, and these are easily recognized by the darker char- 
acter of the background. There are but a few plates in each 
series because, first, the season during which the star is in a suita- 
ble position for an extended series of photographs lasts only 
about four months, from September to January;  and second, be- 
cause there are only some nine or ten minima of Algol available 
during the season, the others happening during daylight or so 
close to sunrise or sunset as to be useless; and third, one must ex- 
pect these nine or ten to be still further reduced by cloudy weather. 
The scheme of observations is rather exacting in its weather 
requirements, as the star should remain unclouded for over four 
hours. However,  a partially completed set of exposures is not 
without evidential value. 

All the plates of the I9o 5 set are affected with a small error in 
the time of minimum as marked on the plate, a subtractive correc- 
tion amounting to about six minutes for October and seven for 
November. The times of maximum for that year were taken 
from the ephemeris published each month in the astronomical col- 
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umn of "Nature,"  and it was afterward discovered that these 
times, although not .so specified, were really heliocentric, that is, 
not corrected for the time taken by light to cross the orbit of the 
earth. Were  Algol 9 °o from the ecliptic this correction would 
vanish; but the angle is only about 22 ° , and the speed of light 
must be taken into consideration. This error is not sufficiently 
large to be serious, as we shall see in discussing the separate 
plates. In all plates of the I9o6 series the time is correctly 
marked. We shall consider the plates in their chronological 
order. 

PLATES 5 AND 6. M I N I M U M ,  3 . 0 2  A.M., OCTOBER ~3, 19o5. 

It was customary to expose two plates each night, each to a dif- 
ferent region of the spectrum. All the exposures on plate 5 
lasted fifteen minutes, and were arranged symmetrically in time 
before and after the supposed time of minimum, 3.o8 A.M. The 
exposures on plate 6 were likewise symmetrical, but were ten min- 
utes each. A study of the following time table, observed on this 
occasion, will make clear how this was accomplished. 

Plate  5. Pla te  6. 
i . o o - I . i 5  

i .  I7-I .27 
1.30-I .45 

1.47-I .57 
2.00-2.15 

lack{ng 
2.30-2.45 

2.47-2.57 
3.00-3. I5 

3. I7-3.27 
3.30-3.46 

3.48-3.58 
4.00-4. I5 

4. I7-4.27 
4.30-4.45 

4.47-4- 57 
5.oo-5. I5 

These exposures were, of course, 'not left entirely to the driving 
clock of the telescope, but were constantly guided by the help of a 
long finder attached to the instrument. The two or three minute 
interval between exposures sufficed for the performance of the fol- 
lowing operations: turning the grating slightly, changing the 
plate-holder, and altering the focus. By 2.15 A.M. the star had 
passed the zenith, and it was necessary to reverse the telescope, 
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swing it to the other side of the pillar and re-sight it. This took 
more time than was available in the scheduled interval, and con- 
sequently the third exposure on plate 6 had to be omitted. Dur- 
ing the sixth exposure on plate 5 something attached to the mech- 
anism of the right ascension regulating screw slipped out of 
place. The exposure was stopped at once, and the loose piece ad- 
justed. This took nearly a minute. The exposure was started 
again after one minute had elapsed, and was extended one minute 
later than usual. This necessitated advancing the next exposure 
one minute to gain sufficient time for the necessary changes. The 
night was entirely cloudless. Occasionally a faint puff of smoke 
from a neighboring chimney would pass across the star, but this 
never occupied more than a second and happened during nearly 
every exposure, so that its effect on the intensity of the image may 
be neglected. 

By looking through these plates at a white surface, not too bril- 
liantly lighted, the best effect is obtained. It will be seen that the 
spectral images decrease gradually in intensity and then increase. 
While the fifth exposure on plate 5 is really the minimum it is im- 
possible to detect any certain difference of intensity between this 
image and the ones adjoining it on either side, taken half an 
hour befor.e and after. This shows that the six minute error 
above mentioned is a negligible quantity. Yet while we cannot 
with safety locate the minimum visually within a half hour the 
whole symmetry of the two series of images on this plate makes it 
certain that the minimum cannot be shifted as much as one hour 
from the time of the visual minimum as given by the ephemeris. 
As already mentioned, a difference in speed of one part of a mil- 
lion would produce a time lag of at least a quarter of an hour, and 
probably more, due to the uncertainty as to the star's distance. 
Consequently, the rays photographed on this plate do not differ in 
speed from the rays of the visible spectrum by as much  as one 
part in about two hundred and fifty thousand. Measuring the 
wave lengths by means of plate 4 and the table given above it will 
be found that the rays on this plate are comprised within a range 
of from about 373 to 383/~/z. While the limit of visibility var- 
ies somewhat with different observers it may be considered to lie 
approximately at the violet potassium line, of a w a v e  length 
4o4/~/t. The rays on this plate are then entirely in the ultra 
violet. 
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In plate 6 the range of wave lengths is between 416 and 
468/~/~, entirely in the visible region. The minimum is supposed 
to lie between the fourth and fifth images (counting the missing 
one) and certainly cannot be more than one hour from this. Con- 
sequently the speed of these visible rays cannot differ from that of 
the ultra violet rays on plate 5 by as much as one part in a quarter 
of a million. 

There is one other important point shown by these plates. The 
star passed the meridian a little before the central exposure of the 
series, and had atmospheric absorption any sensible effect the in- 
tensities of the images after minimum would have been rendered 
more nearly uniform than those of the first half of the series. We 
may conclude, then, that for the purpose of this method a dis- 
tance of as much as three hours from the meridiata exerts no effect 
upon the intensity of the image that is comparable with that pro- 
duced by the star's own change in brightness. 

PLATES 7 AND 8. MINIMUM 4"44 A. M., NOVEMBER 2, I905. 

This minimum happened so near the morning twilight that only 
the first or waning half was available. The following is the time 
table, supposing the minimum to have been at 4.5I A.M. : 

Plate  7. Pla te  8. 
2.13-2.28 

2.30-2.4 ° 
2.43-2.58 

3.00-3.10 
3. I3-3.28 

3.3O-3.40 
3.43-3.58 

4.0O-4. I0 
4. I3-4.28 

4.30-4.40 

An exposure on plate 8 was started at 4-43, but a faint haze 
came over the sky almost at once, and the series was terminated. 
During the rest of the n!ght the weather conditions were perfect. 
On both plates the images decrease steadily until the end, and we 
may safely assert that the minimum for the rays there represented 
does not happen as much as one hour earlier than the ephemeris 
time; consequently the speed of these rays cannot be greater than 
that of the visible rays by one part in a quarter of a million. The 
rays on plate 7 are between 37 ° and 378I~I.~ , and those on plate 8 
between 378 and 389 . Both plates deaI entirely with the ultra 
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violet. On this date the star crosses the meridian about half past 
twelve. 

PLATES 9 AND IO. NOVEMBER 5, 1905" MINIMUM, 1.32 A. M. 
CULMINATION, ABOUT 12.15 A. M. 

The time table for these plates was as follows : 

Plate 9. Plate io. 
i1.3i-II.46 

II.49-II.59 
12.oi-i2.16 

12. I9-12.29 
12.31-12.46 

12.49-12.59 
I.OI- 1.16 

I . I9-  1.29 
1.31- 1.46 

1.49- 1.59 
2 .o i -  1.16 

2.I  9- 2.29 
2.3I-  2.46 

2.49- 2.59 
3 .o i -  3.16 

3.19- 3.29 
3.3I-  3.46 

In the above time table the minimum was supposed to occur at 
1.39 A.M. 

These plates show certain irregularities which are not to be 
accounted for by passing clouds, as the weather conditions were 
apparently perfect. In plate 9 it will be noticed that the images 
numbered 7, 8 and 9 are very much darker than number I, al- 
though in the latter the star was near the zenith and in the former 
about two hours past it. Moreover, the minimum is much more 
difficult to detect than in any of the preceding plates. It is cer- 
tain, however, that I is darker than 2. This may be seen to better 
effect by looking through the plate at a gas flame covered by an 
opaque globe, such as covers Welshbach mantles, and holding the 
plates so that the images lie a little off the globe and exhibit an 
opalescent effect. The minimum is theoretically at number 5, but 
should it be shifted as far forward as 3, and more than this cannot 
possibly be claimed, the difference in speed could not exceed one 
part in a quarter of a million. The range of wave lengths on this 
plate is from 383 to 4oo /~ .  

In plate lO very much the same conditions prevail; in addition, 
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6 is certainly much fainter than 5, although the brightness of the 
star is on its upward path. It happens, however, that a previous 
plate (number 6) covers the same range of wave lengths as shown 
in plate IO, and gives a regular minimum. It must be, therefore, 
that the irregularity referred to was the result of some disturbance 
peculiar to the evening on which plate IO was taken, and of a na- 
ture not to be detected by the eye. It may have been some change 
in humidity or temperature in the upper layers of the atmosphere 
which produced a weakening of the spectrum at that point and 
that time. Poss ib ly  the very strongly marked final images and 
the obscure minimum on poth plates may have been due to a pro- 
gressive increase in the transparency of the atmosphere for the 
,-violet and ultra-violet rays during the night. It is obviously im- 
possible to follow such changes by observing the atmospheric con- 
ditions in the neighborhood of the telescope, as observations in 
order to be effective would have to be made all the way up to the 
top of the atmosphere. 

PLATES I I  AND 12. M I N I M U M  1 2 . O 6  A. M., SEPTEMBER 5, 1906" 

CULMINATLONj  4 A. M. 

The dark background of these plates is due to their having been 
developed by hydrochinon. The early part of the night was 
cloudy, and but little more than the last or waxing half of the 
eclipse could be photographed. 

Plate I I .  

i i  .3O-ll ,42 

I 2 . 0 0 - 1 2 ,  I 2  

12.3o-12.42 

I . O O -  I . I 2  

1.3o- 1.42 

2 . 0 0 -  2 . 1 2  

The time table follows : 

Plate  12. 

II .45-11.57 

12.15-12.27 

12.45-12.57 

1.15- 1.27 

1.45- 1.57 

On both plates there is readily recognized a well marked in- 
crease in the intensity of the images after the first two. The 
minimum consequently cannot be as much as one hour later than 
the minimum of the visual rays, and the speed cannot be less than 
that of the visible rays by as much as one part in a quarter of a 
million. 
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The dark background makes it difficult to measure wave lengths 
on plate I I, but plate 12 is clearer, and the shortest wave lengths 
reached is about 365W~. Plate 13 (about to  be described) tells 
us that the shortest wave lengths reached on plate I I is about 
356/~/L. 

PLATE 13. 

This is merely an experimental plate, exposed for half  hour in- 
tervals at three different loci, to determine the wave lengths 
reached. It will be noticed that the third exposure, reaching a 
wave length of about 345/,/t, is very much fainter than the two 
others. Either there is an absorption band in this region or we 
are approaching the end of the star's spectrum. The exposure in 
each case was half an hour. 

PLATE 14. MINIMUM OF OCTOBER 15, I9O6, 3.29 A. M. CULMI ~ 

NATIONj ABOUT 1.30 A. M. 

But one plate was taken on this occasion, on account of the 
greater length of exposure necessary. The time from 1.44 to 5- I4 
was divided into seven half-hour exposures, central about the time 
of minimum. Through an accidental displacement of the grating 
the fourth or central exposure was lost, and the plate shows only 
the three before and the three after minimum. Very little may be 
safely gathered from the images on this plate; the images are all 
too faint, and the minimum is not all definite. The shortest wave 
length reached is about 345/q~. This region of the spectrum was 
rephotographed on the next available occasion with a longer ex- 
posure, and is shown in 

PLATE 15. M I N I M U M  OF NOVEMBER 7, I906, 2.00 A. M. CULMI-  

NATION ABOUT MIDNIGHT. 

The time table for this plate was as follows : 

I1.00-I2.00 
z.3o- 2.3o 
4.oo- 5.oo 

central about the time of minimum. It wilI be noted that in  ad- 
dition to increasing the length of the exposure the first aiid Iast 
exposure are placed somewhat farther from the minimum than 
~vas the case with any of the preceding plates. The rrfiddle of the 
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terminal exposure is in each case two and a-half hours from the 
minimum, while in 'the previous plates it never exceeded two 
hours. This was, of course, to obtain a greater difference in the 
intensities of the end and central images. " 

In examining this plate the first thing that will be noticed is that 
the images on the right are much darker than those on the left. 
This may have been caused by using a portion of the grating 
which threw more light to one side than to the other. There is a 
very definite minimum evident ; in fact the central exposure cannot 
be seen at all on the right, and can be detected only with difficulty 
on the left. In looking for this image it will aid in its detection 
if one notes that the images are somewhat parabolic in shape with 
a dark nucleus at the vertex. On the left side, the "comet's tail" 
of number 3 is considerably darker where the tail of number 2 
intersects it, and having found this point it is easy to see the nu- 
cleus of 2. We  may conclude that the minimum for these wave 
lengths cannot occur as much as one hour from the time of 
minimum of the visible rays, else the central image would be 
about equal in intensity to one of the end ones. The visible 
transparency of the atmosphere was perfect throughout the night. 
Certain fifth magnitude stars in the neighborhood of Algol were 
used as tests for this, and were plainly visible at all times during 
the exposure. We  may say then that the speed of ultra violet 
light as far out as 345/~/~ does not differ from the speed of the 
visible rays by as much as one part in a quarter of a million. 

P L A T E  I 6 .  M I N I M U M  OF NOVEMBER 3 O, 19o6 , 12.31 A.M. CUL- 
MINATION~ ABOUT I O . 2 0  P. M. 

Three exposures were made on this occasion as follows : 

IO.OI-I I .OI 
I 2 , 0 I -  I .OI 
2.OI- 3.OI 

The focus was adjusted so as to reach rather far into the ultra 
violet, and the plate shows a wave length of about 3oo,q,. 
The images are extremely faint, but can be located by aid of the 
numbers scratched on the plate. The images are shaped like 
parabolas, and may best be seen by viewing the plate by reflected 
light against the background. If  a gas flame is used the reflection 
of the flame should appear on the plate a little to one side of where 



Aug., I9o7. ] Speed of the Invisible Portions of the Spectrum. lO 9 

the images are supposed to be. The number lies between the im- 
ages and the central image of the star. 

The images on this plate exhibit a well-marked minimum, al- 
though the first of the three is in each case somewhat lighter than 
the third. The middle of the terminal exposures being two hours 
from the time of minimum, we may safely say that the minimum 
for the rays here represented cannot have been shifted by as much 
as one hour from the time of minimum of the visible rays, else the 
central image would be as dark as one of the end ones; conse- 
quently there cannot be a difference of speed as great as one part 
in a quarter of a million. 

RESUME. 

The plates submitted with this memoir cover (somewhat dis- 
continuously) the region of the spectrum lying between wave 
lengths of 468 p~ in the blue to 3oo/~z in the ultra violet. The 
end of the visible spectrum is assumed to lie at about 4oo~/~. 
The speed of the rays within this range is constant to one part in 
a quarter of a million. 

It has long been recognized that the speed of the visible rays of 
the spectrum is constant to a high degree of accuracy, but so far 
as the author is aware there has never been heretofore any experi- 
mental determination, either absolute or relative, of the speed of 
the ultra violet rays. Their speed, as well as that of the ultra 
red rays, has on theoretical grounds been believed to be the 
same as that of the visible rays. The experimental confirmation 
of this belief for the ultra violet rays adds weight to the generally 
received opinion as regards the ultra red end of the spectrum. 

F E W  WORDS CONCERNING T H E  ULTRA RED RAYS. 

The method described in this memoir being photographic in its 
nature it would seem hopeless to attempt to apply it to the ultra 
red portion of the spectrum; yet this matter was carefully tested. 
As much as twenty years ago plates were made by Abney which 
were sensitive as far as Iooo/q~, although a very long exposure 
was required for this. 

The preparation of these plates is unusually difficult, and they 
do not keep well  Those who have attempted to repeat Abney's 
experiments have usually failed, and the author forms no excep- 
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t i on  to  this  s ta tement .  H o w e v e r ,  L e h m a n n *  has  o f  recent  yea r s  
publ ished a m e t h o d  of  o b t a i n i n g  wi th  c o m p a r a t i v e  ease a plate  
w h i c h  is sensi t ive as fa r  into the u l t ra  red  as A b n e y ' s .  H e  stains 
an  o r d i n a r y  in s t an t aneous  plate in an  anamonical  so lu t ion  o f  
n ig ros in  and  a l izar ine  blue S, c o n t a i n i n g  a small  a m o u n t  o f  si lver 
ni t ra te .  T h e  a u t h o r  has  ca re fu l ly  tes ted  L e h m a n n ' s  f o r m u l a  and  
succeeded in r e a c h i n g  a w a v e  l eng th  o f  IOOO t~/~ w i t h  a W e l s b a c h  
man t l e  as the source  o f  l i gh t ;  bu t  the  a t t e m p t  to  use t h e s e  plates 
on  the  s tars  s h o w e d  at  once  tha t  the  e x p o s u r e  r equ i red  w o u l d  be 
prohibi t ive ,  o c c u p y i n g  in fact  m o r e  t h a n  a who le  n ight .  

I t  m i g h t  be possible wi th  a r o t a t i n g  m i r r o r  appara tus ,  such as 
used by  Miche l son  and  N e w c o m b ,  and  a bo lome te r  to  locate  the  
u l t ra  red  image ,  to  ob ta in  a resul t  fo r  the  u l t ra  red  rays  accura te  
to  one  pa r t  in a t h o u s a n d ,  possi)oly ; but,  as has  been po in ted  ou t  in 
the  ea r ly  pa r t  o f  this  memoi r ,  it w o u l d  no t  be w o r t h  the  g r e a t  ex-. 
pend i tu re  o f  t ime  and  t rouble  to  apply  to  the  so lu t ion  o f  this 
po in t  a m e t h o d  whose  results  were  of  so a p p r o x i m a t e  a na ture ,  t 

APPENDIX A. 

THE BOYDEN PREMIUM, 

In 1859, Uriah A. Boyden, Esq., of Boston, Mass, deposited with the 
Franklin Institute the sum of one thousand dollars, to be awarded as a 
premium to "Any resident of North America who shall determine by ex- 
periment whether all rays of light, and other physical rays, are or are not 
transmitted with the sa,me velocity."* 

The following conditions were established for the award of this Pre- 
lTlium : 

I. Any resident of North America, or of the West India Islands, may 
be a competitor for the Premium; the southern boundary of Mexico being 
considered as the southern limit of North America. 

2. Each competitor must transmit to the Secretary of the Franklin 
Institute a memoir describing in detail the apparatus, the mode of ex- 
peri.menting, and the results; and all memoirs received by him before the 
first day of January, one thousand nine hundred and eight will, as soon as 
possible after this date, be transmitted to a Committee of Judges. 

3. The Board of Managers of the Franklin Institute shall, before the 
first day of January, one thousand nine hundred and eight, select three citi- 
Tens of the United States of competent scientific ability, to whom the 
memoir shall be referred; and the said Judges shall examine the memoir 

*Arch. fiir Wissen~ch. Photog. II, 216, 19oo. See also Baly's Spectroscopy. 
~The author, now that his identity is disclosed, desires to record his 

obligation to his colleague, Prof. M. B. Snyder, for placing at his dis- 
posal the telescope of the Central High School. 
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and repor t  to the  F rank l in  Ins t i tu te  whether ,  in t h e i r  opinion any, and, if 
so, which of the  memoi r s  is wor thy  of the  p~emium. And, on the i r  report ,  
The  Frank l in  Ins t i tu te  shall deci6e w he t he r  the  P r e m i u m  shall be awarded 
as r e commended  by the  Judges.  

4- Every  memoi r  shall be anonymous ,  but  shall conta in  so¢ne mot to  
or  s ign by which i t  can be recognized  and designated,  and shall be  accom- 
panied by a sealed envelope,  endorsed  on the  outside withi some mot to  or 
sign, and con ta in ing  the  name  and  address  of the  au thor  of the  memoir .  
I t  shall be the  duty of the  Secre tary  of the  F rank l in  Ins t i tu te  to keep these  
envelopes securely and unopened  until  the  Judges  shall have finished the i r  
examina t ion ;  when,  sfiould the Judges  be of opinion tha t  any one of the  
memoi r s  is wor thy  of the  P remium,  the  co r respond ing  envelope shall be 
opened, and the  name of the  au thor  communica ted  t o  the  Inst i tute .  The  
sealed envelopes  accompany ing  unsuccessful  ,memoirs will be destroyed 
unopened,  in the  presence  of the  Board  of Managers .  

5. Should the Judges  th ink  proper ,  they may require  the  experi¢nents 
descr ibed in any of the  memoi r s  to be  repeated in thei r  presence.  

6. The  memoi r s  presented  for the P r em i um  shall become the proper ty  
of the F rank l in  Ins t i tu te ,  and shall be publ ished as it may direct. 

*The problem has  been  more  specifically defined by the  Board  of Man-  
agers  as follows: 

" W h e t h e r  or  no t  all rays in the spectrum known  at the t ime the offer 
was made, namely,  March  23, 1859, and comprised between the lowest 
f requency known the rmal  rays in the  infra-red, and t h e  highest  frequency 
known rays in the  ul tra-violet ,  which in the opinion of the  Com,mittee lie 
be tween the approx imate  frequencies of 2 x  io ~* double v ibra t ions  per  
second in the  infra-red, and 8 x t o  14 in the ultra-violet,  t ravel  t h rough  free 
space with the same velocity." 

APPENDIX B. 

REPORT OF THE COMMITTEE OF JUDGES 

O n  the  fo rego ing  Memoi r  submit ted  by the au thor  under  the pseudonym 
"Algol ."  

To the President and Members of The Franklin Institute: 
Regard ing  the  app l i ca t i on  by "Algo l"  for the Boyden  Premium,  we 

respectful ly r epo r t  tha t  the appl icant  has demons t r a t ed  by exper iment  
tha t  the velocities of the visible and the  ul t ra-violet  rays are equal, the 
m e t h o d  of obse rva t ion  yielding such a degree of accuracy that  the  maxi-  
mum of possible e r ror  cannot  exceed one par t  in two hundred  and fifty 
thousand.  This  degree  of accuracy the Board of Judges  deems to be much 
in excess of tha t  usually expected in problems  of this  character.  The ap- 
pl icant  has  accordingly  furnished the required proof  as regards  the relat ion 
of the  visible and the  ul t ra-viole t  rays. The  exper imen ta l  p roof  as re- 
gards  the  infra-red rays remains  still lacking, the  m e t h o d  adopted  in this 
m e m o i r  no t  be ing  suited for those  rays. 

The  Commit tee ,  however ,  considers  the  work presen ted  to be of such a 
h igh charac te r  as to be eminent ly  wor thy  of dist inct  recogni t ion  and 
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strongly recommends that the applicant be awarded the sum of One Thou- 
sand Dollars ($i,ooo) from the accumulated Boyden fund, the surplus being 
retained by the Institute to be awarded to any one who may in future solve 
the same problem in~ regard to the infra-red rays. 

The Judges desire to reserve the t-ight of witnessing one of the experi- 
ments if in their judgment they deem it desirable after learning the name of . 
the applicant. 

(Signed) 
HUGO BILGRAM, 
ARTHUR W. GOODBPEED, 
GEORGE F. STRADLING. 

Philadelphia, Pa., June 12, 19o7. 

To the President and Members, Franklin Institute: 
The Committee of Judges, after learning the name of the applicant re- 

ferred to in preceding report, has unanimously decided that any further 
experimental demonstration of the problem is unnecessary. 

(Signed) 
HUGO BILGRAM, 
ARTHUR W. GOODSPEED, 
GEORGE F. STRADLING. 

Philadelphia, Pa., June 14, 19o7. 

APPENDIX C. 

At the stated meeting of the Franklin Institute held Wednesday, June 
I9, I9O7, the following resolution of the Board of Managers was reported, 
viz. : 

"Resolved, That the Board of Managers hereby recommends to 
the Institute the approval of the report of the Judges upon certi- 
fication from the Judges that they consider any further experi- 
mental demonstrations unnecessary." (A certification to this effect, 
signed by all the Judges, was found appended to the Judges' 
report.) 

A motion was thereupon unanimously passed, confirming the award as 
recommended by the Judges and endorsed by the Board of Managers at 
its stated meeting held Wednesday, June i2, I9O7. 

WM. H. WAHL, Secretary. 


